Lysosomes of the renal cortex: Heterogeneity and role in protein handling  by Andersen, Knut-Jan et al.
Kidney International, Vol. 31(1987), pp. 886—897
LABORATORY INVESTIGATION
Lysosomes of the renal cortex: Heterogeneity and role in
protein handling
KNUT-JAN ANDERSEN, HANS-JACOB HAGA, and MIL0sLAv DOBROTA
Section for Clinical Research and Molecular Medicine, Medical Department A, University of Bergen, N-5016, Haukeland Sykehus, Bergen,
Norway, and Robens Institute of Industrial Environmental Health and Safety, University of Surrey, Guildford GU2 5XH, United Kingdom
Lysosomes of the renal cortex: heterogeneity and role in protein
handling. Rate sedimentation of the kidney cortical mitochondrial!
lysosomal (ML) fraction yields two distinct classes of lysosomes: the
large lysosomes or protein droplets and a heterogenous broad band of
smaller lysosomes. The protein droplets which are recovered as a well
defined zone of high purity also sediment as a homogeneous band after
equilibrium banding at a density of 1.235 g/ml in sucrose. The small
lysosomes co-sediment with other subcellular organelles as a broad
band, indicated by the distribution of various acid hydrolases, which
exhibit subtle heterogeneity among these small lysosomes. The distri-
bution of renin containing granules indicates that in size they represent
a distinct subpopulation of small lysosomes. Further fractionation of
small lysosomes by equilibrium banding separates two distinct popula-
tions at densities 1.20 (small light) and 1.235 g/ml (small dense).
Comparison of lysosomal populations fractionated in these studies with
the distribution of lysosomal acid hydrolases along the different seg-
ments of the nephron suggests that large and small dense lysosomes
probably originate from the proximal tubule while the small light
lysosomes may contain lysosomes from the distal tubule. Very small,
lysosome-like organelles subfractionated from the 'microsomes' may
constitute a mixture of small light lysosomes, lysosomal fragments and
endocytic vesicles from a variety of cell types. Time course studies with
3H labelled Cd-thionein, following intravenous administration, suggests
that uptake in the kidney cortex is very rapid and that catabolism takes
place in two distinct phases: rapid breakdown starting in the endosome
compartment and slower breakdown in lysosomes. From the associa-
tion of labelled lysozyme (1251) and Cd-thionein ('°9Cd) it appears that
all the different lysosomal populations identified are at some stage
involved with uptake and catabolism of these two proteins.
The complex cellular heterogeneity of the kidney [1] and the
presence of lysosomal acid hydrolases, in varying proportions,
in all the segments of the nephron [2] suggest considerable
heterogeneity of lysosomal populations. This heterogeneity has
indeed been observed by morphology, with kidney lysosomes
varying in size from 0.1 to 5 j. [3, 4]. This broad spectrum of
lysosomes was fractionated by Straus [31, in his classic study,
into three subclasses by successive differential pelleting of
kidney cortical homogenates. This work and subsequent studies
on the distribution of acid hydrolases in the kidney subcellular
fractions [3, 5—11] have also demonstrated considerable heter-
ogeneity of the lysosomes with respect to enzyme content. This
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heterogeneity of lysosomal enzymes has also been observed by
histochemical studies [12, 13] and has been attributed to dif-
ferent physiological functions of the various cell types of the
nephron [14].
Cells of the proximal tubule contain uniquely large (2 to 5 j.t)
lysosomes [3, 6, 15] in agreement with the large lysosomal
volume in the cells of the proximal tubule segments [16] being
very similar to the distribution of acid hydrolases in this region
of the nephron [2]. The involvement of these large lysosomes in
the catabolism of proteins taken up from the glomerular filtrate
has been demonstrated by histochemical staining [17] showing
that the uptake and breakdown of horseradish peroxidase was
maximal in the lysosomes of the proximal convoluted tubule.
The complement of lysosomal enzymes [18, 19] in these
lysosomes most probably reflect their specialized function.
Although it is evident that cortical homogenates contain other
lysosomes, it is the protein droplets which have been most
extensively characterized [12, 18] and commonly isolated [3,
5—7, 11].
The presence of acid hydrolases in both the cortical
mitochondrial/lysosomal and the microsomal fraction [10, 20]
illustrates the very broad population of small lysosomes (0. ito
1.5 ) which appear to contain primary lysosomes, endocytic
vesicles, precursor vesicles to the protein droplets [6, 11], renin
granules [21, 22] and other acid hydrolase-containing organel-
les. This heterogeneous mixture of subcellular particles has not
been studied in any great detail, possibly since it is so diffIcult
to subfractionate [23]. Some of the populations of smaller
lysosomes may originate from the distal tubule, since the high
acid hydrolase activity in this region of the nephron [2] in
relation to the low lysosomal volume [16] suggests that
lysosomes of the distal tubule may be extremely rich in
lysosomal enzymes. Much of our present knowledge of the
properties and enzyme composition of small lysosomes stems
indirectly from the attempts to purify renin containing granules
[24—27] and from subcellular fractionation of cortical
homogenates by differential pelleting.
We report here a systematic study providing reliable distri-
bution profiles of cortical lysosomal populations, which have
been further fractionated by rate and isopycnic sedimentation
and characterized by employing a comprehensive range of
marker enzymes, use of labelled proteins as probes for various
lysosomal populations, and by morphological examination.
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Methods
Tissue homogenization and fractionation
Male Wistar rats (150 to 180 g), starved overnight, were
anesthetized with ether and their kidneys were removed. Entire
cortices (including deep cortex) from eight to 12 rats were
carefully dissected free, and homogenized in 0.25 M sucrose/5
mM Tris-HC1, pH 7.4, using a Potter Elvehjem, type C homog-
enizer (A. H. Thomas, Philadelphia, Pennsylvania, USA)
power driven at 1000 rev/mm. The 10% (wtlvol) homogenate
was filtered through a coarse sieve (tea strainer). Examination
by phase microscopy of the initial homogenate and the debris
collected on the filter indicates that most of the glomeruli
remain intact and are removed by the filter. The cortical
homogenate thus appears to be relatively enriched in tubular
material.
The homogenate was centrifuged at 1,115 g mm (2,000
rev/mm for 3 mm) to sediment the nuclear fraction (N). This
was resuspended, centrifuged again, and the combined super-
natants were spun at 27,530g. mm (10,000 rev/mm for 3 mm) to
pellet the mitochondrial/lysosomal (ML) fraction. This was
found to improve the recovery of lysosomes in the ML fraction.
After centrifuging the post ML supernatant at 7,950,000 g. mm
(43,000 rev/mm for 60 mm) the microsomal pellet (MIC) and the
supernatant (SUP) were obtained.
Density gradient centrifugation
The ML fraction was resuspended in the isotonic buffered
sucrose and further subfractionated by rate sedimentation in an
HS zonal rotor (MSE Scientific Instruments, Crawley, Sussex,
UK) containing 550 ml of exponential sucrose (with 5 mrvi Tris
HC1, pH 7.4) gradient ranging from 0.5 M to 1.7 M and 150 ml 2
M sucrose as the cushion. The exact profile of the gradient is
presented in Figure 1. After loading the ML fraction, the zonal
rotor was spun at 8,000 rev/mm for one hour. Finally, 20 ml
fractions were collected for the various assays.
Two different regions of the rate zonal spin (Fig. 1), the slow
sedimenting, small lysosomes and rapidly sedimenting, large
lysosomes were further fractionated by isopycnic banding. The
chosen fractions were pooled and the sucrose concentration
adjusted to the lowest gradient concentration. This sample was
loaded into a B 14 zonal rotor (MSE Scientific Instruments)
containing a linear sucrose gradient whose exact profiles and
concentrations are indicated in Figures 3 and 4. The rotor was
then spun at 45,000 rev/mm for approximately 16 hours.
The microsomal fraction was subfractionated by isopycnic
flotation using the method of Norris et al [281 which was slightly
modified with the linear sucrose gradient being extended to
cover the range 0.7 to 2.3 M sucrose (Fig. 5). The microsomes
were resuspended in 2 M sucrose and laoded into the rotor at
precisely the 2 M point of the gradient.
Chemical and enzyme assays
Protein was measured either by the protein-dye binding
method described by Bradford [29] or by an automated adap-
tation [30] of the Lowry et al method [31] modified to include a
sodium hydroxide digestion step [321. Bovine serum albumin
was used as standard in both methods. Total RNA was deter-
mined as described by Fleck and Begg [331 while hydroxypro-
line was estimated as described by Nobbs, Walker and Davies
[34]. Various marker enzymes [35] were assayed as prescribed
in the following references. Succinic dehydrogenase (SDH) was
determined by the method of Pennington [36] while monoamine
oxidase (MAO) was assayed using a fluorimetric adaptation [37]
of the method described by Weissbach et al [38]. Catalase was
determined as described by Leighton et al [39]. Alkaline phos-
phatase was assayed in the presence of divalent metal ions [40]
and potassium fluoride was added to inhibit acid phosphatase
activity [41]. Na-K-stimulated Mg-dependent ATPase was as-
sayed using assay procedure A described by Schwartz et al [42].
Na-K-ATPase activity was calculated as the difference of total
ATPase minus basal Mg-ATPase. Cathepsin D was assayed as
described by Barrett [43] while N-acetyl-f3-D-glucosaminidase
(NAG) was assayed as described by Hultberg and Ockerman
[44]. Alkaline phosphodiesterase, acid phosphodiesterase, acid
/3-galactosidase and acid /3-glucuronidase were all assayed by a
manual adaptation of the automated assay described by Hinton
and Norris [32]. p-Nitrophenyl-/3-glucuronide was used as sub-
strate in the acid /3-glucuronidase assay. Acid ribonuclease
(acid RNase) was assayed as described by Dobrota, Burge and
Hinton [45]. Acid phosphatase was measured with /3-gly-
cerophosphate as the substrate [45]. This enzyme was also used
as an index of lysosomal latency (a ratio of bound/total acid
hydrolase activity) by measuring total activity (in the presence
of 0.0016% (wt/vol) digitonin) and expressing latency as: Total-
Free/Total x 100. 5'-Nucleotidase was assayed in the presence
of 0.01 M tartrate to suppress acid phosphatase activity. The
assay was performed essentially as described by El-Aaser and
Reid [46] using a 0.1 M Tris-HC1 pH 7.8 buffer containing 5 mM
magnesium chloride. Glucose-6-phosphatase was also assayed
in the presence of tartrate as described by Dobrota and Hinton
[47]. Renin activity was determined by the radioimmunological
microassay based on angiotensin I trapping by antibody [48].
Lowry protein values and enzyme activities were corrected
for sucrose inhibition as previously reported [49].
Labelling of lysozyme with 125j
Lysozyme (Boehringer, Mannheim, West Germany) was
labelled with Na!'25 (Amersham International Ltd, Amersham,
Bucks, UK) by the lodogen procedure [50]. Twenty tg of
lysozyme (0.5 mglml) was labelled with 800 j.tCi NaI'25 and the
labelled protein was purified by passage through Sephadex
G-25. After addition of unlabelled lysozyme each rat was
injected intravenously via the jugular vein 30 minutes before
sacrifice, with 0.2 ml of lysozyme containing approximately 1
mg and 20 /.LCi 125!. A total of four rats were used per
experiment.
Labelling of Cd-thionein with '°9Cd
Hepatic Cd-Zn-thionein isolated from male Wistar rats [51]
was labelled with '®CdC12 (Amersham International Ltd.). The
thionein was incubated from 16 hours at 4°C with carrier-free
'°9CdC12 (1.5 mg thionein, 50 Ci '°9Cd) and purified by
chromatography on Sephadex G-25 [52]. The labelled protein
was injected intravenously via the jugular vein (5 1sCi, 0.2 mg
thionein per animal), 30 minutes before sacrifice [52, 53]. A total
of four rats were used per experiment.
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Fig. 1. Distribution of marker enzymes, protein, 125j label and '°9Cd label after rate sedimentation of a rat kidney cortex ML fraction in a zonal
HS rotor, The rotor contained a 550 ml exponential sucrose gradient ranging 0.5 M to 1.7 M and 150 ml of 2 M sucrose as the cushion. After loading
the resuspended ML fraction into the rotor it was spun at 8000 rev/mm for 1 hour. Protein is presented as mg/fraction, succinic dehydrogenase
(SDH), monoamine oxidase (MAO), glucose-6-phosphatase (G-6-Pase), 5'-nucleotidase (5' AMP'ase), acid 1-glycerophosphatase (acid Pase), acid
/3-galactosidase, N-acetyl-f3-D-glucosaminidase (NAG), Na-K-ATPase and alkaline phosphatase (alk. P'ase) are given as mol1min (IU) per
fraction; renin as iO mol, angiotensin I formed/60 mm/fraction; catalase values are units/mm/fraction [39]. Acid ribonuclease (acid RNase) units
are A2/min/fraction and cathepsin D iA2/min/fraction. '251-lysozyme is given as cpmlo.00l ml and L-hydroxyproline as mo1/fraction. The
distribution of '°9Cd-thionein, which is from a different experiment, is given as cpm/0.005 ml.
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Fig. 2. Morphology of lysosomes and other structures present in three regions of the cortical ML fractionated by rate sedimentation. A. fractions
11-20 x 4,700; B. fractions 11-20 x 10,080; C. fractions 11-20 x 30,880; D. fractions 21-25 x 3,270; E. fractions 36-39 )< 2,030. Fraction numbers
refer to those illustrated in Figure 1.
Labelling of Cd-thionein with 3H
Liver Cd-Zn-thionein was labelled with N-Succinimidyl-[2,3-
3H]propionate (Amersham International Ltd, Amersham,
Bucks, UK), according to the method described by Tang, Davis
and Kitcher [54] and purified by chromatography on Sephadex
G-25. Each animal (5 per experiment) was injected with 2 pCi,
0.2 mg thionein. This Cd-thionein, which is labelled with 3H on
the protein molecule (as 3H propionate on lysine residues) was
used for time course uptake and catabolism studies in prefer-
ence to the '°9Cd-thionein because the Cd is susceptible to
removal by acidification.
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Electron microscopy
Gradient fractions were fixed by firstly diluting out the
sucrose to approximately isotonic followed by, adding in the
cold with continuous stirring, sufficient concentrated glutaral-
dehyde to give a final concentration of 2%. After fixing for one
to two hours, the particulate material was spun down (approx.
100,000 x g for 40 mm). The pellets were washed several times
with 0.1 M Na-cacodylate, pH 7.4, and postfixed for one hour in
2% 0s04. The samples were then dehydrated in the alcohol
series, transferred into propylene oxide, then propylene
oxide/EPON mixture (1:1) and finally embedded in EPON 812
(Taab Laboratories, Reading, Berks., UK). Silver grey sections
(60 nm thick) were cut, counterstained and examined with a
JEOL 100B microscope (JEOL, Tokyo, Japan).
Results
Mter a careful survey of the known characteristics of kidney
lysosomes [3, 5, 8, 12, 20], it was decided to retain the g . mm
value of 27,530 (10,000 rev/mm for 3 mm), as recommended by
Maunsbach [12, 15] for pelleting the kidney ML fraction be-
cause this gave a good compromise between lysosomal recov-
ery (an average of 41% of the total homogenate acid hydrolase
content) [12, 55] and contamination by other organelles, and
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Fig. 3. Distribution of protein, various marker enzymes and 125j and '°9Cd label (both cpm/O.005 ml) after isopycnic banding of the small lysosomes.
The pooled region of small lysosomes (fractions 11-24, Fig. 1) was spun to equilibrium in a B 14 zonal rotor (45,000 rev/mm for 16 hr). Positions
marked a, b, c and d indicate densities of 1.165, 1.18, 1.2 and 1.235 g/ml respectively. Details are exactly as in Figure 1.
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also permitted the direct comparison with published data on the
ML fraction.
Very gentle homogenization has been recommended for renal
tissue [9] as there have been conflicting reports on both fragility
and latency of kidney lysosomes [8, 9, 56, 57]. While examining
the optimal homogenization conditions we found that there was
no increase in free activity (as a percentage of total activity) of
/3-glycerophosphatase, NAG or /3-galactosidase in the homog-
enate from two to five strokes, indicating that cortical
lysosomes are rather resistant to mechanical disruption.
The proportions of acid hydrolases, other marker enzymes
and protein are presented in Table 1 as percent distribution
(yield) in the kidney cortical fractions. Specific activities (SA)
of the enzymes measured, Table 2, are consistent with previ-
ously quoted values.
Rate sedimentation of cortical lysosomes
The approach adopted to examine the cortical lysosome
populations was to subfractionate the whole ML fraction by
rate zonal sedimentation. The distribution of lysosomal and
other marker enzymes, in a typical rate sedimentation, are
shown in Figure 1. When expressed as a percentage of the ML
fraction (or sample loaded onto the zonal rotor), the percentage
of protein recovered in all the fractions of the rate zonal spin
was 96.9%. The lowest value for the marker enzymes was
76.6%, obtained for glucose-6-phosphatase, while the highest
was 102.0%, obtained for acid /3-galactosidase.
From the protein pattern it is evident that three distinct
regions can be identified: a) The peak at fraction 3-4 (6.8% of
protein recovered) represents the initial sample position and
hence contains the soluble protein and very small particles
which do not sediment under these conditions; b) this is the
major protein peak (fractions 13-25; 88.2% of the protein) which
is composed of mitochondria, brush border membranes, small
lysosomes, etc; c) the most rapidly sedimenting material (0.7%
of the protein), found in fractions 36-37, contains large
lysosomes.
The distribution of lysosomal enzymes show three essential
features. First, each of the acid hydrolases assayed are present
in the peak of large lysosomes (fractions 36-37). The much
broader band of smaller lysosomes (fractions 13-25), which
contain acid phosphatase, /3-galactosidase and NAG, appear to
sediment faster than the small lysosomes which contain acid
RNase and cathepsin D. The cathepsin D peak, at fraction
14-18, indeed seems to be associated with the smallest (slowest
sedimenting) lysosomes. Renin shows a distribution different
from the main peak (fractions 20-24) sedimenting with the
fastest sedimenting band of small lysosomes.
In the experiment illustrated in Figure 1, the animals had
received an intravenous injection of 125J labelled lysozyme. The
distribution of '°9Cd-thionein from a different experiment is also
illustrated in Figure 1 to compare the distributions of the two
different proteins. Both the 125J and the '°9Cd patterns indicate
that the label is present in the large lysosomes region (fractions
36-37) and that a large proportion (52.2% of 1251 and 43.3% of
'°9Cd) is also associated with smaller lysosomes (fraction
13-25). The difference between the 125J and '°9Cd patterns in the
first peak (fractions 2-6) is due to the larger proportion of
'°9Cd-thionein found in the cytosol. The high peak of '°9Cd thus
represents soluble material which does not sediment away from
the original sample position. The 1251 in all the fractions was
acid (TCA) precipitable and thus was not due to free or released
125!.
The time course of uptake and processing of 3H labelled
Cd-thionein is summarized in Table 3. The maximal amount of
label in the cortex, expressed as a percent of injected dose, at 10
minutes after injection indicates very rapid uptake and binding
followed by a decrease, which suggests rapid catabolism. The
3H label in the ML fraction, as a percent of total in the cortex,
increases steadily to 80% at 1.5 hours. The maximal proportion
of microsomal label at 10 minutes followed by a decrease
suggest a transfer from small vesicles to larger particulates.
This is also consistent with the relative decrease in the percent
of small lysosomes (as percent of ML) with time and an increase
in the percent of 3H in the large lysosomes.
The main mitochondrial peak, shown by the pattern of SDH
and MAO, is in tubes 16-22 while the peroxisomes represented
by the broad peak of catalase, between fractions 12 and 19,
sediment somewhat slower. The large peak of catalase in the
soluble regions indicates either the presence of cytosol-located
enzyme [58] or solubilized enzyme released from disrupted
peroxisomes. The glucose-6-phosphatase region (tube 20) coin-
ciding with the SDH peak suggests association of the ER with
mitochondria, as previously reported [59]. Alkaline phospha-
tase and 5'-nucleotidase show similar distributions and are
recovered as a well defined band around fraction 22, while the
major part of Na-K-stimulated ATPase (basolateral membrane)
is recovered around fractions 10-11. The other peak of alkaline
phosphatase and 5'-nucleotidase at fractions 4-6 is most prob-
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Fig. 4. Distribution patterns of protein and marker enzymes after
isopycnic banding of the large lysosomes (protein droplets) recovered
from the rate zonal spin. Fractions 36-39 (Fig. 1) were pooled and spun
to equilibrium under exactly the same conditions as in Figure 3. Protein
and enzyme activities are as described in Figure 1 and the density
reference points as in Figure 3.
892 Andersen et at
Fraction number
Fig. 5. Distribution of protein, RNA and marker enzymes after isopycnic flotation of cortical microsomes' which were resuspended in 2 M sucrose
and loaded under a linear sucrose gradient (0.7—2.3 M) in a B14 zonal rotor. A cushion of 2.3 M was used to push the sample band away from the
edge wall of the rotor. The rotor was spun at 45,000 rev/mm for 16 hr. Protein and enzyme activities are as described in Figure 1; RNA is pg/fraction
and positions a, b, c and d are densities of 1.145, 1.165, 1.202 and 1.234 g/ml, respectively.
ably due to small brush border vesicles which do not sediment
under the conditions employed.
The morphology of the subcellular structures, recovered
from three important regions of the rate sedimentation spin of
the ML fraction is presented in Figure 2. The structure of
material found in the slow sedimenting region (fractions 13-18)
of the broad band of small lysosomes shows among numerous
mitochondria and other membranous elements small but signif-
icant numbers of electron dense small granules. A fairly—low
power view shows at least 10 structures which are electron
dense and most probably represent lysosomes (Fig. 2A). At a
slightly higher magnification (Fig. 2B) a few small lysosomes
can be identified by the homogeneous electron dense appear-
ance. Figure 2c illustrates a region of two lysosomes in plate b
which has been further magnified to show the electron dense
structures so characteristic of lysosomes. Rather shrunk dam-
aged mitochondria are seen in plates A, B, C and D (Fig. 2). The
second region (Fig. 2D), enriched in 5-nucleotidase and alkaline
phosphatase and representative of brush border membrane
(fractions 19-23, Fig. 1) contains numerous large, smooth mem-
brane fragments. The possibility that some of these may be
swollen mitochondria was investigated by assaying the distri-
bution of MAO-located mainly on the inner face of the
mitochondria outer membrane [60]. The pattern of MAO shown
in Figure 1 corresponds reasonably well with that of the normal
mitochondrial marker enzyme SDH. The large membranous
sacks seen in plate D (Fig. 2) therefore most likely represent
sheets of brush border encircling vesiculated microvilli.
The morphology of the rapidly sedimenting band of large
lysosomes (fractions 35-37) is shown in Figure 2E. The predom-
inant structures are the large lysosomes, which are very similar
to those found in the proximal tubule cells [9, 15]. From the
absence of any marker enzymes, other than the acid
hydrolases, from this band it appears that only lysosomes are
present. However, morphology shows small amounts of two
distinct contaminants: sheets of smooth membranes and frag-
ments of tubular basement membrane (BM). The large mem-
brane sheets appear to be firmly attached to the basement
membrane and thus probably represent fragments of the baso-
lateral plasma membrane, although the specific marker enzyme,
Na-K-ATPase [61] was not detected (Fig. 1). The presence of
basement membrane material in the large lysosome region was
checked by assaying one convenient chemical marker, L-
hydroxyproline [62]. The high proportion (6.8%) of L-
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Table 1. Percent distribution yield in the classical subfractions of the rat kidney cortex
N ML MIC SUP Total
Protein 16.9 2.8 (19) 26.7 3.7 (18) 19.3 2.9 (18) 37.0 2.2 (16) 94.1 6.4 (16)
Succinic dehydrogenase 11.2 2.4 (15) 65.1 6.8 (18) 14.9 3.1 (17) 5.8 2.0 (17) 98.9 10.1 (16)
Monoamine oxidase 21.0 (1) 42.5 (1) 13.4 (1) 1.5 (1) 78.4 (19)
Catalase 8,0 4.5 (8) 16.1 6.8 (8) 6.4 1.7 (8) 76.9 5.2 (10) 97.4 14.0 (8)
Glucose-6-phosphatase 19.2 4.1 (18) 19.9 4.2 (23) 52.2 4.4 (17) 7.1 2.2 (18) 95.8 5.4 (22)
5'-nucleotidase 16.0 2.9 (19) 22.5 5.1 (15) 44.1 7.4 (14) 12.3 2.7 (20) 94.2 6.4 (18)
Alkaline phosphatase 17.4 3.7 (8) 26.5 7.9 (6) 35.0 13.5 (7) 14.6 5.4 (7) 92.0 8.7 (8)
Alkaline phosphodiesterase 16.4 1.7 (6) 21.6 4.8 (6) 42.0 4.0 (6) 18.0 3.7 (6) 98.3 14.1 (6)
Acid phosphatase 12.0 2.7 (20) 33.8 6.1 (20) 19.5 3.5 (19) 33.2 7.1 (18) 96.5 7.3 (20)
/3-galactosidase 15.0 2.1 (20) 40.3 4.3 (20) 11.8 2.0 (18) 32.3 3.2 (21) 95.2 5.5 (19)
NAG 21.7 2.5 (18) 44.0 4.3 (18) 24.2 2.5 (18) 8.5 3.2 (15) 93.9 8.6 (18)
Cathepsin D 18.4 3.2 (10) 44.7 3.5 (10) 23.2 4.8 (10) 17.0 4.4 (7) 91.0 5.5 (7)
Acid RNase 19.2 3.1 (9) 43.6 5.8 (10) 9.8 1.6 (9) 23.3 5.2 (9) 92.8 11.5 (9)
Acid phosphodiesterase 16.9 3.4 (11) 22.1 4.1 (11) 35.6 5.7 (13) 33.1 1.3 (6) 90.2 11.2 (10)
Renin 20.2 5.8 (9) 41.3 6.3 (9) 3.0 0.4 (9) 32.9 4.8 (7) 99.6 12.0 (8)
Lysozyme (125J) 15.0 (1) 34.4 (1) 29.5 (1) 4.7 (1) 84.0 (1)
'°9Cd-thionein 16.4 (1) 21.5 (1) 13.1 (1) 37.6 (1) 98.4 (1)
Hydroxyproline 87.2 (1) 10.5 (1) 0.9 (1) 1.1 (1) 99.7 (1)
Yield is presented as the mean percentage of the total homogenate value SD, with the number of observations in parenthesis. Abbreviations
are: the fractions N (Nuclear), ML (Mitochondria/lysosomes), MIC (Microsomes) and SUP (Cytosol or supernatant).
Table 2. Specific activities of marker enzymes in the homogenate (H) and classical fractions of rat kidney cortex
H N ML MIC SUP
Succinic dehydrogenase 0.0149 0.0032 (16) 0.0115 0.0044 (15) 0.043 0.017 (16) 0.0124 0.0043 (13) 0.0018 0.0005 (14)
Monoamine oxidase 0.216 (1) 0.356 (1) 0.393 (1) 0.223 (1) 0.009 (1)
Catalase 1.15 0.32 (11) 0.66 0.25 (8) 0.77 0.22 (10) 0.49 0.13 (8) 2.8 1.0 (11)
Glucose-6-phosphatase 0.088 0.016 (23) 0.119 0.034 (21) 0.074 0.018 (21) 0.272 0.053 (19) 0.022 0.005 (14)
5'-nucleotidase 0.119 0.021 (23) 0.125 0.029 (21) 0.086 0.016 (21) 0.289 0.09 (17) 0.0385 0.009 (22)
Alkaline phosphatase 0.143 0.045 (11) 0.113 0.05 (8) 0.125 0.44(11) 0.394 0.16 (9) 0.043 0.016 (10)
Acid phosphatase 0.079 0.015 (16) 0.073 0.024 (15) 0.122 0.033 (19) 0.086 0.023 (16) 0.071 0.019 (19)
/3-galactosidase 0.01 16 0.001(19) 0.0111 0.003 (19) 0.0208 0.0068 (16) 0.0074 0.0017 (16) 0.0106 0.004 (16)
NAG 0.084 0.013 (18) 0.118 0.027 (16) 0.152 0.029 (17) 0.131 0.029 (17) 0.021 0.01 (16)
Cathepsin D 0.0057 0.002 (10) 0.007 0.0018 (7) 0.0105 0.0025 (10) 0.0077 0.003 (10) 0.0049 0.003 (8)
Acid RNase 0.135 0.035 (9) 0.142 0.032 (9) 0.196 0.066 (10) 0.064 0.029 (10) 0.098 0.025 (9)
Acid phosphodiesterase 0.0047 0.0015(13) 0.0053 0.0022(11) 0.0049 0.0016(11) 0.0103 0.004 (10) 0.0035 0.0014(11)
Renin 0.0068 0.0034 (10) 0.01 18 0.0054 (9) 0.011 0.0028 (8) 0.00105 0,0005 (10) 0.0065 0.003 (9)
Specific activities are as the mean SD with the number of observations in parenthesis. Specific activities are: acid RNase is 4A2/min/mg
protein; for cathepsin D ii.A/min/mg protein; catalase units/mm/mg protein; all other enzymes are smol/min/mg protein.
Table 3. Time course of uptake and processing of 3H labelled co-thionein
% of injected
plasma cortex
% of homogenate % of ML
Small lysosomes ge lysosomesN ML MIC SUP Lar
10 mm
30 mm
1.5 hr
24hr
11.6
5.6
1.73
0.43
25.0
14.8
2.7
0
11.4
16.8
18.7
0
25.7
31.1
79.8
0
26.4
16.0
0
0
22.7
47.4
0
0
53.8
43.3
40.9
0
3.5
9.1
26.4
0
The plasma percent value is calculated on the basis of 8 ml total plasma volume per rat. The percentage of 3H in small and large lysosomes
represent total summed activities present in the peaks of these two regions following rate sedimentation of the cortical ML fraction. These peaks
were carefully chosen after checking the distributions of the acid hydrolase peaks and correspond to fractions 12-26 (small lysosomes) and 35-39
(large lysosomes) illustrated in Figure 1.
hydroxyproline in relation to the low protein content (0.7%) of measured in 16 experiments. The highest purifications which
the protein droplet band suggests that this region contains a have been achieved previously for these lysosomes are between
significant proportion of BM material in the ML fraction. 10- and 20-fold [3, 8, 10, 12].
Although slightly contaminated by BM and smooth mem-
branes, this region of protein droplets (fractions 35-37 in Fig. 1) Equilibrium banding of the two major lysosomal populations
contains highly purified lysosomes, as judged by the RSA of 41 Small lysosomes. The small lysosome region (fractions 13-25)
17 obtained as an average of 5 of the acid hydrolases of the rate sedimentation spin (Fig. 1) was pooled and spun to
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equilibrium in sucrose gradients. This was done first to identify
the banding densities of the small lysosomes and second to
demonstrate the separate identity of the lysosomes from the
other organelles, which are the major components of this
region. The enzyme profiles of the equilibrium spin are shown
in Figure 3 with the most important bands (1.165, 1.18, 1.20 and
1.235 g/ml) indicated.
Mitochondrial marker enzymes SDH (not illustrated) and
MAO were found at a rather high density of 1.20, suggesting
some mitochondrial damage caused by hydrostatic pressure and
hypertonicity of the gradient. The 5'-nucleotidase and alkaline
phosphatase indicating the position of the plasma membrane
(brush border) are located at a density of 1.175, which is rather
high for smooth membranes (normally 1.165 g/ml). The glucose-
6-phosphatase pattern marks the endoplasmic reticulum (ER),
which shows the classic bimodal distribution [631 of smooth ER
(density 1.16 to 1.18 g/ml) and rough ER (1.19 to 1.24 gIml). The
distinct peak of catalase at density 1.23 is consistent with the
established equilibrium banding of peroxisomes [39].
The patterns of acid hydrolases are somewhat variable,
banding at three densities which probably represent lysosomal
fragments (1.11 to 1.15 g/ml), light lysosomes (1.20 gIml) and
dense lysosomes (1.235 g/ml). The acid hydrolase activity at the
low density is essentially non-latent and this suggests that this
band contains lysosomal membranes or possibly smooth mem-
brane vesicles which have picked up released lysosomal en-
zymes. While the peak at density 1.20 g/ml is consistent with
the density of "normal" lysosomes of the liver and other tissues
[64], the dense peak at 1.235 g/ml is the same as reported for the
kidney droplets [6, 15] and is confirmed in the equilibrium spin
of the large lysosomes (Fig. 4). Both these peaks show latency,
demonstrating the presence of intact lysosomes. The presence
of acid RNase and cathepsin D mainly in the region banding at
density 1.235, confirms the heterogeneous distribution of acid
hydrolases among the various lysosomal populations fractioned
by rate sedimentation (Fig. 1).
The distributions of '251-lysozyme and '°9Cd-thionein indicate
that these two proteins are present in normal (light) and dense
lysosomes and not in smooth membrane fragments (density 1.16
to 1.18 gIml) when injected 30 minutes prior to sacrifice.
Large lysosomes—protein droplets. The large, rapidly
sedimenting lysosomes obtained after the rate zonal spin of the
ML fraction were pooled and subjected to equilibrium banding
under exactly the same conditions as employed for the small
lysosomes. The distribution of protein, density and marker
enzymes are illustrated in Figure 4. The acid hydrolases, acid
phosphatase, p-galactosidase, NAG, RNase and cathepsin D all
show almost identical patterns with one single peak at density
1.235 g/ml, which is consistent with previously reported data on
the kidney's large, dense lysosomes [6, 15]. No 125J lysozyme or
'°9Cd-thionein profiles are shown because neither of the la-
belled proteins were used in the experiment illustrated in Figure
4. However, in experiments when these labelled proteins were
administered, the label was present as a single peak at density
1.235 g/ml. All the acid hydrolases show released activity in the
sample region (fractions 1-8, Fig. 4), which suggests some
fragility of the kidney droplets.
Small lysosomes and lysosomal fragments recovered in the
microsomal fraction
The high recovery of lysosomal acid hydrolases in the
microsomal fraction (10 to 36%; Table 2) is not surprising since
the ML fraction is pelleted at a rather low g mm value as
recommended by Maunsbach [12] for the preparation of large
kidney granules. As also noted by other workers [8—10], the
microsomal fraction clearly contains a significantly high propor-
tion of small lysosomes.
The distribution of various marker enzymes after equilibrium
flotation of the microsomal fraction are shown in Figure 5. Acid
phosphatase shows some activity in the sample region (density
1.25 glml) and appears as a large peak of non-latent activity at
density 1.15 with a shoulder of latent activity in the density
range 1.19 to 1.20. The patterns of 3-galactosidase, 13-
glucuronidase, acid RNase, cathepsin D and NAG demonstrate
significant activity in the sample region and a broad band of
activity in the density range 1.15 to 1.20 with subtle, but distinct
variations in the distribution of all the hydrolases. Latency is
observed in the density range 1.19 to 1.20 demonstrating the
presence of intact lysosomes (microsomal, small light), while
acid hydrolase activity (free or non-latent) at lower densities
represents fragments of lysosomal membranes, and released
acid-hydrolase activity associated with smooth membrane yes-
ides. The activity recovered in the sample region is most
probably due to released activity and not dense lysosomes
because there are no signs of any of the enzymes banding at
densities 1.23 to 1.24, indicating the absence of intact dense
lysosomes from the microsomal fraction.
The sharp, large peak on NAG at density 1.27 g/ml is not due
to released enzyme in the sample region, but is caused by its
association with free ribosomes as previously noted [9] and
confirmed here by the virtually identical distribution of RNA.
The rather broad band of glucose-6-phosphatase marks the
position of smooth ER (1.14 to 1.17 g/ml) with a shoulder of the
enzyme at higher densities (1.20 glml) attributable to rough ER
vesicles as confirmed by the pattern of RNA. The plasma
membrane marker enzyme, 5'-nucleotidase, has a very broad
distribution (1.12 to 1.18 gIml) and suggests that the kidney PM
may exhibit a similar heterogeneity to that of the liver
microsomal PM [28]. However, the brush border marker,
alkaline phosphatase, has a more defined peak at density 1.175
(not illustrated). This difference between these two plasma
membrane enzyme distributions may represent different prop-
erties of luminal and basolateral membranes. The most inter-
esting region is the very light density of the front of the
5'-nucleotidase peak which is only found in the membrane of
the Golgi apparatus [651, but may also represent a specialized
region of the PM or endocytic vesicles.
Discussion
In these experiments we have separated three distinct popu-
lations of lysosomes from the rat kidney cortex in addition to
numbers of very small acid hydrolase containing particles found
in the microsomal fraction. This observed heterogeneity, also
noted in previous studies [3, 5, 15], may represent either the
known variations in lysosomal enzymes between cells in dif-
ferent parts of the nephron [19] or heterogeneity within single
cell types. To address this problem, the following observations
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provide evidence for the likely origins of the three major
populations of lysosomes.
Large lysosomal granules in proximal tubule cells have been
observed in extensive morphological studies [6, 12, 15]. Studies
with microdissected nephron segments also demonstrate that
the peak of lysosomal enzymes in the proximal convoluted
tubule [2] parallels the lysosomal volume in this region [16]. Our
data show that large granules from the ML fraction enriched
with acid hydrolases sediment very rapidly (Fig. 1) and thus
represent large lysosomes, which are only seen in the cells of
the proximal tubule. Morphological examination of these
lysosomes (Fig. 2E) shows large dense granules of 3 to 5 p
diameter consistent with proximal tubule lysosomes described
by Straus [3]. Equilibrium banding of these lysosomes (Fig. 4)
yields a homogeneous band at the unusually high median
density of 1.235 g/ml, which is also consistent with the banding
densities of lysosomes from the proximal tubule [11].
Filtered proteins are rapidly taken up mainly in the convo-
luted proximal tubule and somewhat less in the straight segment
[17, 66, 67]. Following injection (i.v.) of 1251 lysozyme and
109Cd-thionein, which are both avidly taken up by the proximal
tubule cells [68, 69], 30 minutes before fractionating the cortical
ML, we have shown that these two proteins are indeed rapidly
incorporated into the large lysosomes.
While the large lysosomes fractionated in these studies ap-
pear to be derived essentially from the proximal tubule cells,
the origins of the different small lysosome populations cannot
be so definitively ascribed. Since lysosomes are present (in
varying proportions) in virtually all the cells of the nephron, the
cortical homogenate most likely contains populations of
lysosomes from all the tubular segments. It is interesting to note
that the lysosomes of the distal tubule cells, although few in
number and/or small in size, are extremely rich in some acid
hydrolases, since in relation to the relatively small volume the
lysosomal enzyme activity is high [2].
Equilibrium banding yields two populations of small
lysosomes at a density of 1.20 and 1.235 g/ml (Fig. 3). The
distinct populations of less dense lysosomes is unusual because
it apparently contains no cathepsin D or acid RNase. Because
lysosomes of the distal tubule are relatively rich in acid phos-
phatase, NAG and acid /3-galactosidase it is possible that at
least a proportion of the small light lysosomes may originate
from the distal tubule, particularly since the peak at density 1.20
coincides with a distinct peak of all these three enzymes.
Although the distribution of 125J and '°9Cd suggest that some
endocytosed protein (lysozyme and Cd-thionein) is present in
small lysosomes, this does not necessarily mean that these
lysosomes must originate entirely from the proximal tubule.
While little is known about the function of lysosomes in the
distal tubule, the relatively high acid hydrolase activity suggests
that some uptake of proteins may occur in this part of the
nephron. Protein uptake by cells of more distal nephron seg-
ments (Henle's loop, distal tubule, collecting duct) has been
reported, although quantitatively this represents a minor pro-
portion of the reabsorbed proteins [6].
From the proportion of lysosomal enzymes and labelled
proteins in the microsomal fraction we would conclude that, in
agreement with other workers [8—10], this fraction contains
very small lysosomes which are predominantly light lysosomes
(density of 1.20 g/ml or less). However, our current data
indicates that the microsomal fraction also contains lysosomal
fragments or perhaps newly formed endosomes. Such membra-
nous structures may originate from various regions of the
nephron, as kallikrein which is an exclusive marker for the
distal tubule [70] is predominantly found in microsomal vesicles
(1.18 g/ml) [71].
The distribution pattern of renin (originating from glomerular
epithelioid cells), which overlaps with the pattern of acid
hydrolases in the broad band of small lysosomes also illustrates
heterogeneity attributable to different and minor cell types. This
renin distribution (Fig. 1) appears to be similar to that of
5'-nucleotidase and alkaline phosphatase. However, since only
3% of the total renin in the homogenate is recovered in the
microsomal fraction, against 35% of the brush border enzyme
alkaline phosphatase, we assume that renin is associated with
renin granules and not brush border. Since the narrow peak of
renin differs from the broad pattern of acid hydrolases, this
suggests, in agreement with other reports [22, 24—27], that renin
granules containing acid hydrolases [72] are distinct from small
lysosomes. As stress situations, such as i.v. injections of
labelled protein, are reported to increase renin release [73], the
renin pattern from the isopycnic respin was considered atypi-
cal, and is therefore not illustrated.
Small dense lysosomes (1.235 glml) are very similar to protein
droplets in having all the lysosomal enzymes assayed, contain-
ing endocytosed labelled protein and having the same boyant
density. We also have evidence that cathepsin B, another
lysosomal proteinase of the proximal tubule [74], is only present
in lysosomal populations of high density (1.235 g/ml) in the
kidney cortex [75]. These small lysosomes are very similar in
properties, although not in size to the large lysosomes, and
therefore may also originate from the proximal tubule cells. It is
thus possible that the small dense lysosomes may represent
structures intermediate between endocytic vesicles and large
lysosomes, such as immature large lysosomes or newly formed
phagosomes reported to be distinct from lysosomes [17].
Fractionation of lysosomes, by equilibrium banding, from
isolated proximal tubules of perfused rabbit kidney suggest that
only a single population, by density (at 1.216 gIml), is present in
the tubules of the rabbit kidney [76]. While these results support
our findings that dense lysosomes are mainly of proximal tubule
origin and also by inference that light lysosomes may therefore
be of distal origin, they do not rule out the possibility that the
apparently single population may contain subpopulations of
proximal tubule lysosomes. The single population of lysosomes
in the rabbit proximal tubules may alternatively reflect proper-
ties of lysosomes specific to that species or indeed specific to
isolated tubules.
Preliminary experiments, showing that in metrizamide gradi-
ents cortical lysosomes band at two distinct densities (unpub-
lished results) and observations that in Percoll gradients they
also band at two different densities [77], suggest that this
fundamental difference in density cannot be attributed to spe-
cific permeability differences of the different lysosomal popula-
tions to sucrose.
Time course studies with 3H labelled Cd-thionein (Table 3)
indicate extremely rapid breakdown which probably starts in
the endosome compartment, as proteolytic activity in this
compartment is reported [77] to occur in macrophages. The
significant proportion of 3H label in the supernatant is most
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probably due to the contents of the endocytic compartment
being released during homogenization, since the supernatant 10
minutes after injection contains undegraded 3H labelled Cd-
metallothionein as judged by fractionation with Sephadex G-75.
The 3H label in the 30 minute (and 1.5 hr) supernatant,
fractionated by G-75, is associated only with low molecular-
weight material indicative of very rapid breakdown of this
protein (unpublished observations). The loss with time of 3H
label from microsomes and the corresponding increase of 3H in
the ML, and the relative increase in the large lysosomes
strongly suggests transfer of some undegraded Cd-thionein
from endocytic vesicles to small lysosomes and to large
lysosomes. The breakdown of Cd-thionein in lysosomes thus
appears to be slow in relation to the rapid breakdown in the
endosome compartment. It is not clear if the two distinct rates
of breakdown are typical for all proteins or if they are specific
to just thionein. Thionein may be taken up both by fluid phase
and receptor mediated endocytosis, and the two rates of break-
down reflect the two modes of uptake. To study these rates of
breakdown we propose to investigate the comparative time
course of uptake and catabolism of a number of labelled
proteins in the rat kidney.
Our interpretations are based on the observations that the
uptake and breakdown of perhaps most proteins (including
thionein) occur in the proximal tubule cells. While catabolism
probably occurs in this specialized portion of the nephron, our
results, however, do not exclude the possibility that the dif-
ferent rates of turnover of Cd-thionein may be attributable to
different regions of the tubule, thus reflecting the heterogeneity
of the different cell types.
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